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ABSTRACT  Active  Na  transport  across  frog  skin  was  separated  from  passive
Na  movement  utilizing  urea  influx  as  a  measure  of passive  (shunt)  perme-
ability.  In this manner,  the  response of the  overall  active Na  transport system
to an applied potential  was determined  over a range from +200  mV to -100
mV.  Active Na transport displays saturation  as a function  of applied  potential,
and  both  the level  of saturation  and the potential  at which it is achieved  are
functions of the Na concentration  in the external  solution.  The saturation  with
potential  appears to  involve a different  step in  the  transport process  than  the
saturation of Na flux  as a function of external Na concentration.  The observa-
tions can be qualitatively described by either a one-barrier  or two-barrier  model
of the  Na transport  system.
INTRODUCTION
In  1951,  Ussing and Zerahn  (1)  demonstrated  that in frog skin the measured
short-circuit current  (SCC) equals  net Na  transport;  under  these conditions
in which the electrochemical  potential  of Na is  identical  in the two bathing
solutions,  any  net Na  transport  across  the  skin  could  be  ascribed  to  active
processes.  They  also  observed  that  the rate  of net  Na  transport  decreased
with  increase  in  potential  difference  (PD)  across  the  skin,  but  could  not
separate  the active  from the passive  portion of transport  at PDs other than
zero.  Because  of  this  difficulty  at nonzero  potentials,  most  subsequent  in-
vestigators  have studied epithelial  ionic transport  systems  under short-circuit
conditions.  While  many  properties  of transport  systems  can be  investigated
in this manner,  no information is obtained about their response to an applied
potential.  Investigations  on  the effects of applied  potential  in frog  skin  and
toad bladder demonstrated  excitability at high-depolarizing  potentials  (2,  3)
and rectification  at high-hyperpolarizing  potentials  (4,  5).  In  addition,  the
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rates of net Na transport and oxygen  consumption  were observed  to increase
with increase  in depolarizing  potential  (inside negative)  in frog skin  (6)  and
toad  bladder  (7),  suggesting that the rate of active transport was influenced
by  the  applied  potential  in  these  epithelia.  On  the  other  hand,  studies  on
simpler systems such  as squid axon  (8)  and snail neuron  (9)  failed  to reveal
any change in active Na transport as a function of applied potential.
The  present  investigation  involves  an  attempt  to  define  the detailed  re-
sponse of active Na transport  to an applied potential in frog skin.  It  is based
on  a  previous  study  (10)  demonstrating  the  effects  of steady-state-applied
potentials  on passive transport through  frog skin. Active Na transport can be
separated  from  passive transport  utilizing  the results of  this  previous  study,
resulting in a characterization  of the active transport system as a function of
potential.
METHODS
General
The  experimental  methods  used  were  identical  to those  previously  described  (10).
Briefly,  the skin of Rana pipiens was mounted as a flat sheet (3.14 cm2) between  Lucite
chambers  equipped  with  solution  reservoirs  (10  ml  each)  which  were  stirred  and
oxygenated with air. The PD across the skin  (expressed with reference  to the outside
solution) was measured with  calomel electrodes  and current  was passed through the
skin  via Ag-AgCl  electrodes.  Both pairs of electrodes were  connected  to the solution
reservoirs  with  agar  bridges having  a  composition  identical  to  that of the  bathing
solution  in the chamber.  An  automatic voltage  clamp that compensated  for the  re-
sistance  of the  solution  between  the  PD  bridges  was  used  to  pass  the  appropriate
current through the skin to maintain a preset PD value.  Since solutions with different
compositions  were  often  used  in  the  two  chambers,  the  experimental  set-up  was
initially tested for anomalous junction potentials,  as described  by Frizzell and Schultz
(11):  the potentials were  small under  all conditions.  Unidirectional  fluxes of Na, K,
and urea were determined  with 22Na,  42K, and [4C]urea  as previously described;  two
flux periods of 15 min duration were measured  at each  PD after allowing at least  10
min for  equilibration  at that PD.  These  transepithelial  fluxes from  outside  to inside
solution  are denoted "influxes."
Solutions
The  composition  of solutions  used  is  shown  in Table  I.  The  internal  solution  was
always  112 mM  NaCl-Ringer  (normal Ringer),  while the composition of the external
solution  was varied.  In some experiments,  the Na concentration  was decreased  from
that of normal Ringer  using  choline chloride,  or a  combination of KC1 and  choline
chloride to replace  NaC1. In another  group of experiments,  the NaCG  concentration
was reduced without substitution, thereby obtaining a hypoosmotic solution.  In some
experiments,  ouabain  (10- 4 M) was added to both solutions.  Many of the experiments
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along back and abdomen to yield  two symmetrical pieces. One  half of the skin served
as a control and was bathed on both sides with normal Ringer throughout the experi-
ment.  The other  half was  first tested  in normal  Ringer.  If the sc was within  15 %
of  the  control,  the  external  solution  of the  experimental  skin  was  changed  to  the
appropriate  experimental  solution.
Since the inside solution  was always  112 mM  NaCI-Ringer,  there  were frequently
ionic  concentration  differences  across  the  skin.  Despite  this  drawback,  there  were
several  reasons why we chose to maintain  a constant internal environment.  The  skin
appears  to  be  more  sensitive  to  changes  in  the  composition  and  osmolarity  of the
internal  than  of  the  external  solution  (12).  Certain  external  solutions  used  in  the
present study such as hypoosmotic solutions and  high K solutions are known to have
adverse  effects on  the skin when  applied  to the inside  (12,  13).  High concentrations
TABLE  I
COMPOSITION  OF  SOLUTIONS
Solution  Na  K  Choline  Ca  CI  HCOi  Tris  Urea
112  mM NaC-Ringer  112  2.5  1  114  2.5  2
(Normal Ringer)
20 mM NaCl-Ringer  20  2.5  92  1  114  2.5  2
(Choline replacement)
X mM NaC-Ringer  X  2.5  112-X  1  114  2.5  2
(Choline replacement)
6 mM NaCI-Ringer  6  2.5  1  8  2.5  2
(Dilute)
X mM  NaCl-Ringer  X  112-X  1  117  3  2
(K  replacement)
20 mM  NaCl+56 mM KC1  20  56  36  115  3  2
(Choline replacement)
X mM NaCI+Y mM KCI  X  Y  112-X-Y  115  3  2
(Choline  replacement)
Concentrations  are  mM.
of choline  chloride and/or low Na on the  inside  may diminish the rate of transport
over  the extended  periods of time  normally required  by most of these experiments.
In two  experiments,  skins were  first bathed  in  4 mM NaCI-Ringer  (choline replace-
ment)  on  both sides and  had  an average  SCC of  1.6  eq/h cm2 over  30 min. The
inside solution  was  then  replaced  by  112  mM NaCi-Ringer  and  SCC  increased to a
steady  level  of  2.7  eq/h  cm2 despite  the  steep  Na  gradient  opposing  inward  Na
transport.  When  the  same  experiment  was  repeated  starting  with  20  mM  NaCI-
Ringer,  the SCC changes by less than  10 %. The presence of even fairly large concen-
tration differences  across the skin does not seem  a serious  problem  since  the  SCC is
only  15%  higher  than  net Na  transport  when  1 mM  NaCl  is  on  the  outside  and
normal Ringer is on the  inside of frog skin  (14).
Calculation of Active Na Flux As a Function of Applied PD
Unidirectional influxes of Na and urea were  measured simultaneously as functions  of
applied potential. The measured Na influx was separated into an active and a passive
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(shunt)  flux  by utilizing the  urea influx as a measure  of shunt permeability.  Mandel
and Curran  (10) demonstrated that the urea influx was ouabain insensitive  and main-
tained a relationship  to the ouabain-insensitive Na influx described  by
al,  '  aNCNa  F  -FV/RT  1 j
A Cu  Ll1 - exp (FV/RT)]_  (1)
in  which  JNA()  and Ju are  the Na  and urea influxes  through the shunt,  N.  =  0.54
is  the ratio of Na to urea  permeabilities  through the shunt,  ChN  and C° are  the ex-
ternal Na and  urea concentrations,  F is the Faraday,  V is the applied  potential, R is
the  gas  constant,  and  T is  the  absolute  temperature.  Since  this  relationship  was
demonstrated with the skin bathed in  112 mM Na, the Na shunt fluxes were  calcu-
lated from Eq.  1 for this experimental  condition,  using the measured urea influxes at
each  potential. The active  Na flux JN(),  was obtained from the total Na influx, JN,
by
=  JN  - (2)
This procedure is illustrated  in Fig.  1, showing a typical experiment  (112 mM NaC1-
Ringer  both sides)  in which JdN  was measured as  a function of applied potential and
JN()  has been subtracted  leaving  JN(a)  as a function of PD. Since the shunt fluxes are
ouabain  insensitive  (10),  this  procedure  is essentially  equivalent  to  taking ouabain-
sensitive Na influx as  the active component.
The  accuracy  of the calculation  of JN(  depends  heavily  on  the  magnitude  and
2.0
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FIGURE  1.  Graph  of J,  vs.  PD,  illustrating  the procedure  for calculating J  . The
experimental  points in the upper curve are  the measured Na influx; the shunt Na flux,
calculated  from the concurrently  measured urea flux  (10),  is subtracted from the meas-
ured flux  to obtain  the active Na flux  (lower  curve).
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error with which JN()  is determined.  If the Na flux through the shunt is a small frac-
tion of the total Na influx, the active component can be accurately determined.  How-
ever,  as  JN(a)  becomes  a  larger fraction  of the  total  Na  influx,  the  accuracy  in  the
calculation  of JN(a)  decreases.  The largest correction  for the Na shunt flux  occurs  at
depolarizing potentials  in  112 mM NaCI-Ringer;  as  illustrated in Fig.  1, the  correc-
tion factor for JN(a) is about 50%  at -100  mV, 30% at -50 mV, and  15%  at short
circuit.  All  skins that required  a correction  of more  than  70 % were discarded.  The
data  available  for the relationship  between  J()  and Ju  (Fig.  2,  reference  10),  were
utilized  for  the  calculation  of JN(  at 0,  -50, and  -100  mV  in  112  mM  NaCI-
1.o
0.8
z
IlJ
>  0.6
-J
w
0.4
0.2
200  100  0  -100
V  (mV)
FiGURE  2.  Normalized  active  Na  flux  vs.  PD  when  both  sides  are  112  mM  NaCI-
Ringer.  Two  populations  of  experimental  points  are  spontaneously  observed.  The
bars are standard error of the mean. 0, n = 9; o, n = 39. The curves  were fitted by eye.
Ringer.  The accuracy  of the calculation  of J()  can  be tested  at short  circuit, since
the active Na flux at zero PD should equal the SCC  (1).  In 49 experiments,  the ratio
of JN)  at zero PD to SCC was 0.94  0.09 (SEM).
The relationship between  ouabain-insensitive  Na  influx and urea influx described
by Eq. 1 was demonstrated in detail only at  112 mM Na. Rather than undertake the
extensive  study  necessary  to  examine  this  relationship  under  the  other  conditions
used,  we  have  employed  a  simpler  procedure.  Average  ouabain-insensitive  Na  and
urea influxes were measured  under the various conditions. J:N(a) and hence JNa) were
then calculated  from measured  urea influxes using  a linear extrapolation  from  these
average values when necessary.  The ouabain-insensitive  influxes,  shown in Table II,
were always determined  on frogs from the same batch as that used  to determine  JN(.)
under the same experimental  condition. Although this approach  may be less accurate
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than the  one used  at  112 mM  Na, it is justified  by the  fact that all the shunt  fluxes
(except those at 0.5 mM Na) are a relatively small fraction  of total influx  (see Table
II).
RESULTS
Effect of Applied PD on Active Na Flux
As shown in Fig. 2, the active Na influx displays an S-shaped characteristic  as
a function of applied PD when both sides of the skin are bathed with  1 12 mM
NaCI-Ringer.  The data  are normalized  to  the  flux  observed  at  -50  mV.
Two distinct populations  with significantly  different behavior were observed.
One  group  (nine  skins)  appears  to  achieve  saturation  of Na  transport  at  a
PD close  to the average  open-circuit  potential  (about  30 mV);  in the  other
group (40 skins), saturation appears to occur at more negative  PDs and is less
clearly demonstrated  because  of the relatively  larger error  in  JN.  at  -100
mV (see Methods).  The average magnitude of J(~) at the normalizing  poten-
tial was  1.36  --  0.2 /Aeq/h cm2 for the smaller group and  1.26  0.1  ueq/h
cm2 for the larger  group. These  fluxes  do not differ significantly,  indicating
that the main difference between the two groups is the PD at which saturation
occurs. The data for the lower curve were obtained  in two stages to insure the
viability of the skin  at  all  PDs  (a single  experiment  covering  the full  range
of PDs would  have lasted  6  h,  with  questionable results  after  the first  3  h).
One stage covered  the  PDs from 200  to 40 mV and  the other covered  80 to
-100 mV with  overlap  at 40  and  80  mV.  The  left  part  of the  curve  was
normalized to the averages of the right part at both overlap  potentials.
Effect of External Na Concentration
The active Na influx vs.  PD was calculated at various external Na concentra-
tions. These  results can,  however,  be better understood  by referring initially
to Fig.  3,  curve  a,  which  shows  the saturation  of SCC  (active Na  transport
at zero  PD)1 as the external  Na concentration  is increased.  This behavior  of
the SCC is the same as that described by Cereijido et al.  (15)  for experiments
in which the Na concentrations  on both  sides of the skin  were identical.  In
experiments  shown  in curve  a,  half saturation  is  achieved  at  5  mM  NaCI,
and  the SCC at  20 mM  is  not significantly  different  from  that at  112  mM
NaCl.  The steepness of these curves appears  to vary with different batches of
frogs; in some cases,  half saturation could  be reached at NaCl  concentrations
as low as  2 mM.
If the results of Fig. 3 (a) were replotted on a graph of J(.) vs. PD  (Fig. 2),
1  SCC cannot  be precisely  equated  with active Na  transport under these  conditions  because  there
is  a  Na  concentration  difference  across  the  membrane.  However,  the  results  of Biber  et  al.  (14)
suggest  that  the discrepancy  should  be small.
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a one-dimensional  saturation would  be observed  on the vertical  line at zero
PD as  the  external  NaCI  concentration  is  increased.  The point at  20  mM
NaCl would be indistinguishable  from the one at 112 mM NaC1 and, depend-
ing on the steepness  of the saturation curve,  lower concentrations may also be
indistinguishable  from  112  mM NaCl.  With  this  background,  it is  easier  to
understand  that, at all measured  PDs, experimental points for external NaCl
concentrations  of 112  mM, 20 mM, and 8 mM NaCl are essentially identical
to each other  as shown in Fig.  4. At lower external  NaCl concentrations,  the
general S-shape of the curve is preserved  with a lower saturation  level for the
active flux. All of the experimental points shown  in Fig. 4 were obtained from
1.0
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No  CONCENTRATION  (mM)
FIGURE  3.  Short-circuit  current  as  a function  of external Na  concentration.  curve  a:
choline replacement  (n  =  6); curve  b: K replacement  (n  = 6).
matched  halves  of the  same skin,  one  used  to measure  active Na  fluxes  at
112 mM NaCl (control)  and the other at a lower  NaCl concentration.  Thus,
the data at each  concentration  were  obtained  in  a different  group  of skins,
each with its own controls; the control group shown in Fig. 4 was pooled  from
all  these measurements.  The data are  normalized,  as in Fig.  2, at  -50  mV
for  the  control  group;  the results  for lower  NaCl  concentrations  were  each
normalized to their respective paired controls.
In Fig. 4, the curves at 6 mM NaCl and higher concentrations  appear to be
approaching  saturation  at high-depolarizing  potentials,  without attaining  it
at  -100  mV.  Experimental  points  at  higher  PDs  (more  negative)  should
determine whether  saturation is reached or not; however,  at higher  PDs, the
shunt permeability increases rapidly in the isotonic external solutions used for
these  experiments  (10),  leading  to  a large  error  in  the calculation  of  J .
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Dilute external NaCl solutions could be used to experiment at higher negative
PDs,  since  the  shunt permeability  under  those conditions  is lower  (10).  A
group  of four  experiments  was  performed  in  matched  skins  to test for  any
differences  in  JN~)  vs.  PD  between  external  isotonic  6  mM  NaCl-Ringer
(choline replacement)  and dilute 6 mM NaCI-Ringer.  The results, shown in
Table  III, indicate identical rates  of active  transport  at 0,  -50, and  -100
mV. Thus, dilute 5 mM NaCL-Ringer  was  used to examine J{a) vs.  PD over
the range 0 to -200 mV with results shown in Fig. 5. The saturation, which is
suggested  between  0 and  -100  mV, becomes  more clearly defined at  -200
mV. This result, together with the clear saturation observed at lower external
[NaL  n
1.0
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>  0.6
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200  100  0  -100
V (mV)
FGouRE  4.  Active  Na  influx  (normalized)  vs.  applied  potential  at seven external Na
concentrations  (choline replacement).  Standard errors are about the same as in Fig. 2;
they have been  omitted for clarity.
TABLE  III
EFFECT  OF  EXTERNAL  CHOLINE  REPLACEMENT  ON  J,)
VS.  PD  AT 6 mM NaCi  (n  =  4)
o  -50 mV  -100  mV
J',)  dilute  0.46-4-0.07  0.66+0.07  0.80+0.06
(jaeq/h  cm')
J(,)  choline  0.46:0.88  0.64=0.09  0.75:0.13
(,teq/h cm2)
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NaCL concentrations  and the spontaneous  saturation observed  in 20%  of the
skins tested  (Fig. 2),  suggests that saturation with PD is a real property of the
active Na transport system.  The  PD at which saturation  is reached  appears
to be variable, and the magnitude of the saturated  active flux depends on the
external  Na concentration.
Na Transport Kinetics
The active transport of Na saturates as a function of external Na concentration
(Fig.  3) and as a function of applied PD (Figs.  2,  4, and 5). Two sets of experi-
ments were performed  to test the interrelationship  between  these  two effects.
1.0
ao
il  5
j  0.5 [l
_  H-~imM  NaCI
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0  -100  -200
V  (mV)
FIGURE  5.  Active  Na  influx  (normalized)  vs.  applied  potential  over  the  range  0  to
-200  mV  to demonstrate  saturation  at  higher  PD.  Control  vs.  5  mM  NaCI-Ringer
(dilute); n  =  4.
In one series,  SCC and J()  at 50  mV were  measured  on the same skins  as
functions of external  NaC1 concentration.  In the other series,  SCC  and  JN(.)
were measured at  -50 mV.  Results are shown  in Fig.  6  in terms of double
reciprocal plots. The straight lines obtained indicate a hyperbolic relationship
between  the  two  variables  that  can  be  interpreted  in  terms  of Michaelis-
Menten kinetics. In both cases, the intercepts on the ordinate are significantly
different  from  each  other,  indicating  that  the  maximum  transport  rate
(saturation  level)  is decreased  (from  1.7  to 0.7  guq/h cm2) at  50 mV and  is
increased  (from  1.0  to  1.5  ueq/h  cm2)  at  -50 mV when  compared  to  the
rate at zero  PD.  The intercepts  on the  abscissa  are identical  in Fig.  6 b but
are  different  in  Fig.  6  a,  suggesting  that  the  half-saturation  concentration
(Kt)  is unchanged between  50 mV and 0 but decreases  between  0 and  -50
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mV. These results indicate that the interaction  between the external Na con-
centration  and  applied  PD is of a noncompetitive  or  uncompetitive  nature,
suggesting  actions on different  steps in the transport process.
Effect  of External K on  (a)
As indicated in Fig. 3, equimolar replacement of KCI for NaCI in the external
solution  inhibits the SCC compared  to results obtained  with choline chloride
5  _  sir
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FIGURE  6.  (a)  Plot of reciprocal  of SCC or JA4) at -50  mV vs.  reciprocal of external
Na concentration.  (n  = 6).  (b)  Plot of reciprocal  of SCC or J(.  at 50 mV vs. reciprocal
of external  Na  concentration.  (n  =  4).  Regression  lines  were  calculated  by the  least-
squares method.
replacement.  In the presence of KCI,  the SCC is  still nearly  equal  to active
Na  transport;  in  six  experiments  with  an  external  solution  of  20  mM
NaCl  +  92 mM KCI the ratio of JN(a)  at PD  =  0 to SCC was 0.84  +  0.04.
The remaining  16%  of the current  is  probably due  to net K influx through
the  shunt  down  its  concentration  gradient.  K  influxes  measured  with  42K
were low,  and agreed  well  with influxes  obtained  at the same external  KCI
concentration  in ouabain-poisoned  skins  (10),  suggesting  passive  movement
through the shunt pathway.12  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  VOLUME  62  1  i973
More systematic experiments  were performed by measuring SCC as a func-
tion of external NaCl concentration  at various fixed external KC1 concentra-
tions using choline chloride  to maintain constant  ionic strength  (see Table I
for exact solution compositions).  The results of a typical experiment are shown
in Fig. 7 in terms of a double reciprocal plot. The regression lines for all three
K concentrations  have  a common  intercept on the ordinate,  indicating  that
K acts as  a competitive  inhibitor  of Na  transport.  The value of Kt  changes
from 3 mM when [K] 0  =  3 mM to  10 mM when [K] 0 =  56 mM.
The effect of external KC1 on the relationship  between  active Na transport
and  PD  was determined  with results  shown  in Fig.  8.  The  experiments  at
1.5
N  1.0
E
0o
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U  0.5
0  05  1.0
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1
FIGURE  7.  Reciprocal  of normalized  SCC  vs.  reciprocal  of external  Na concentration
at three  external K concentrations  for  a typical  experiment.  Regression  lines were cal-
culated  by  the  least-squares  method.
20 mM NaC1l  +  92 mM KCI in the external solution show significant inhibi-
tion of Ji ,  compared to paired controls. The experiments  at 56 mM NaCl  +
56 mM KC1 show much less inhibition,  as expected from the results shown in
Fig.  7.  Both  curves  obtained  at  high  external  K  concentrations  are  indis-
tinguishable  from  those  obtained  in  the  lower  concentration  NaCI-Ringer
shown in Fig. 4, suggesting that the PD  acts on a locus separate from that of
the Na-K competition.
Reversibility of Active Na  Transport
In experiments  covering  such  a  wide  range  of PDs and  lasting  about  3  h
each, the reversibility of the skins after being exposed  to such an experimental
regime  must be  considered.  Skins  exposed  to potentials  in  the range  100  to
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after  being exposed  to  those  PDs for hours.  Complete  recovery  of the skins
was essential  to  perform  the  experiments  depicted  in Fig.  6,  since the skins
were  alternated  between  short  circuit  and  either  50 mV  or  -50  mV.  Re-
covery from  - 100  mV was variable,  and  was a function  of time but not of
external  NaCI  concentration;  most skins  exposed  to  this PD  for 40 min  re-
turned to about one-half the original  SCC. Recovery from high-hyperpolariz-
ing potentials  was  also  variable,  with  the skins  returning  to  50-80%  of the
original  SCC.
1.0
0.8
',a
=  Z
>  0.6
-J w
0.4
0.2
112  mM  NoCI
56  mM  NCI
56mM  KCI
20 mM  NeCI
92 mM  KCI
100  0  -100
V  (mV)
FIGURE  8.  Active  Na  influx  (normalized)  vs.  applied  potential  testing  the  effects  of
external  K concentration.  Control  vs.  56 mM NaCi +  56 mM  KCI  (n  =  3), and con-
trol vs.  20  mM NaCI  +  92 mM KCI  (n  =  6).
DISCUSSION
The present results indicate that active Na transport is a saturable function  of
applied PD (Figs.  2, 4, and 5)  as well as of external Na concentration  (Fig. 3).
The data in Fig.  6 suggest a degree of independence  between  these  two fac-
tors,  since  an  applied  PD  alters  the  maximal  transport  rate  that  can  be
achieved  as a function of external Na concentration.  This observation  implies
that Na concentration  and PD may act on separate steps of the overall trans-
port system.  On  the other hand,  external  K seems  to compete directly with
external  Na for  the same sites of the active Na pathway.  These observations
may  provide  some  indication  of  the possible  sequence  of steps  involved  in
active Na transport in frog skin.
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Various factors must be considered  in interpreting  the observed  saturation
of active Na transport with PD. First, unstirred layers at the membrane solu-
tion boundaries do not appear to influence significantly  the saturation under
the conditions  used  in most of these experiments.  An unstirred layer on the
external  surface  of the  skin  does not  play  a  significant  role in  determining
active Na transport since J() is unaffected  by large changes in external  ionic
strength as shown in Table III. When unstirred layers  are rate determining,
changes in ionic strength should cause appreciable alterations in the behavior
of the system under conditions  similar to those studied here (16,  17).  An un-
stirred layer at the inner surface of the epithelium would be expected to exert
a larger effect  (slowing transport) at high rates of transport than at low rates
due to accumulation  of Na adjacent to the  internal surface.  Since the shape
of the  curves relating  JN ) to PD are qualitatively  similar at all external  Na
concentrations,  regardless of the actual magnitude of Na flux,  a major effect
of an unstirred  layer at the inner surface  seems unlikely.  Thus,  the effective
permeability  of the  skin  to  Na  appears  to  be  sufficiently  low  to minimize
effects  of  unstirred  layers.  Second,  saturation  could  occur  as  a  result  of
damage  to  the skin  caused  by  high depolarizing  PDs.  As  indicated  in  the
Results  section,  recovery  from  depolarizing  PDs  of  -100 mV  or higher  is
often  not  complete.  However,  the  Na  transport  measured  at  -100  mV  is
probably  still accurate because it displays  characteristics  similar to those ob-
served in the  20%  of skins  showing  saturation  at lower  PDs (Fig.  2).  Third,
as  PD  is  increased  in  the  depolarizing  direction,  its  distribution  may  be
altered in such a way that the actual PD appearing across  the rate-determin-
ing step  of Na  transport may  remain  approximately  constant  even  though
overall  PD  increases.  Thus,  the  saturation  of Na  flux  with  PD  would  be
apparent  only.  Such  an explanation seems  unlikely in  view of the fact  that
some  skins  display  saturation  in  the  region  of  zero  PD.  Also,  in  previous
studies  (10) on the shunt pathway, there was no evidence for such alterations
in the distribution  of depolarizing  PDs,  at least up to  -100  mV.  Thus  al-
though we cannot completely rule out these explanations,  they are somewhat
unlikely and it seems reasonable  to conclude that saturation of J() with  PD
is a property of the active Na transport system.
The  site of  action  of the  applied  potential  is  difficult  to  ascertain  in the
absence  of microelectrode  measurements  to  establish the distribution  of PD
through the epithelium,  and  even  that information  might be  inadequate  to
explain the observed  effects fully.  Certain inferences  can,  however, be made
from  the data, especially with reference  to the Na transport model proposed
by Koefoed-Johnsen  and  Ussing  (18).  In this  model,  the  first step  involves
passive diffusion of Na from the external solution into the transporting cells,
followed  by a second  step of active  extrusion of Na into the serosal solution
in exchange for K in electroneutral  fashion.  If both of these postulated  proc-
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esses occur in the same cells,  as suggested by later modifications  of the theory
(19),  the amount of Na actively  transported  would  depend on the Na con-
centration in the cells.  The saturation of Na transport as a function of external
Na concentration would be attributed to the saturation of the active transport
step as the cells  accumulated  Na by diffusion  from the external  solution.  An
applied  potential  would,  in this  model,  affect  the  diffusional  entry step  but
not the electrically neutral active step. Therefore,  a hyperpolarizing PD would
slow the rate of Na entry (and thereby slow transport)  and a depolarizing PD
would accelerate  entry  until the  cells  accumulated  sufficient Na  to saturate
the  active  transport  step.  The  rate  of transport  would,  therefore,  show  an
increase as  the potential  was increased  in the depolarizing  direction until  it
saturated,  displaying  S-shaped  characteristics.  At  two different  external  Na
concentrations,  the  rate of transport  would  be  expected  to  reach  the  same
level  of saturation,  but  the PDs at which  saturation  was  reached  would  be
different.  This  predicted  behavior  is  clearly  different  from  that  observed
(Fig.  4),  where  different saturation  levels are reached  at different  concentra-
tions.
Thus, the present results suggest that  the initial entry  of Na into the skin
is  not due to simple diffusion.  Similar conclusions  have been  reached on the
basis  of indirect  evidence  in  both  frog  skin  and  toad  bladder,  and  recent
reports (20,  21)  of direct measurements  of the entry of Na into frog skin have
confirmed  this point directly.  These studies have shown that at least a large
portion of the unidirectional Na flux from the outside solution into the skin is
mediated  by a process that saturates as a function  of external Na concentra-
tion.  This Na influx process  is competitively  inhibited  by Li  (21)  and is  also
inhibited by K in  the external solution  (20).  On the basis  of these observa-
tions,  saturation  of transepithelial  Na transport  as  a function of external Na
concentration  and  the competitive  inhibition of this process  by K appear to
be properties of the entry process rather than of a Na pump located in the inner
portion of the epithelium.
In view of these considerations,  it seems appropriate  to inquire whether or
not the effects of PD on Na transport could also involve the system for medi-
ated Na transfer  across this outer barrier. Although the relative independence
of the  effects  of  external  Na concentration  and PD  requires  that the inter-
action between  Na and sites in the outer barrier  be voltage insensitive, once  a
Na  ion is adsorbed  on the surface,  its rate of movement  through  the  barrier
could  be  voltage  dependent.  This  type of process  could  be modelled  by  a
voltage-sensitive  carrier or by charged mobile  sites within the barrier. In the
carrier model illustrated in Fig. 9, external Na interacts with a carrier (neutral
for the sake of argument),  forming a positively charged complex that is trans-
located in a voltage-dependent  step to the inside surface of the barrier.  If the
carrier were  negatively  charged,  it would  form a neutral  complex  with Na;
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the voltage-dependent  step  would be,  in this case,  the return of the charged
carrier.  In the model with charged  mobile  sites,  external Na would  interact
with  Na-selective  sites  from  which  it  would  diffuse  through  Na-selective
charged channels  to the internal surface. The voltage sensitivity of the trans-
location  step  would  arise  from  the  distribution  of mobile  sites  within  the
barrier  as  a  function  of  potential  (22,  23).  These  models  are  phenomeno-
logically  indistinguishable  at present  and  have  identical  mathematical  de-
scriptions; we shall discuss  only the carrier model.
A mathematical  description of the carrier  model is presented  in Appendix
I.  Starting with the assumption  that the charged  carrier-ion  complex moves
through a constant electric  field across  the membrane, it is shown that, under
al+c..A  k-,.ti  Ih
NQ ++
N  + X  PX  v  X
kI k!  kp  k2
XN
+ XNa+
+N+
FIGURE  9.  Voltage-sensitive  carrier  model  for Na  transport.  See  text  for  details.
specific simplifying conditions discussed below,  the Na flux may be described
by
r  f  CNA  ]  (3 L  a  (  V)  CNa  (V) J~a  CT  X  LKX  + f()]  (3)
where
FV/RT J(V)  F=  ( 4)
exp (  )  1
K,  PX  (5)
PXN.
KT  2P,  (6)
CT is proportional  to the total carrier concentration  in the membrane,  Px and
PxNa  are  the  permeabilities  of  the  uncomplexed  and  complexed  carriers,
respectively,  and kl is the carrier-ion  association rate  on the outside  surface.
Plots of theoretical  JN()  vs.  PD as predicted  by Eq.  3 are shown in Fig.  10  for
several  external Na concentrations. The qualitative behavior is similar  to the
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experimental  data,  demonstrating  S-shaped  characteristics  as  a function  of
potential,  and saturation  as a function of external Na concentration.
The main assumption made in deriving Eq.  3 is that the rates of carrier-ion
association  be  very  different  on  the  two  sides  of  the  membrane,  favor-
ing  association  on the  external  surface and  dissociation  on  the internal  sur-
face.  The actual  assumption  is that kl,  k_2 >> k-1,  k2,  where  1 and  2  refer
to the outside and inside surfaces,  respectively.  The result  is  an  equation  in
which the effect of applied potential may be clearly separated from the effect
of external Na concentration. The first term in brackets is responsible for the S-
shaped characteristics;  it is written as a general function of voltage to empha-
1.2
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LhJ
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FIGURE  10.  Theoretical  J,,  vs.  PD  curves  based  on  the
culated from Eq.  A 12.  Kx  =  1, KT  = 5.
model shown  in  Fig.  9;  cal-
size  that  the  S-shape  could  be  obtained  from many  similar  functions.  The
particular form off(V) used  was derived  from the constant field  assumption;
however, assuming a linear carrier concentration gradient and an exponential
voltage drop across the barrier would result in a different f(V) (22)  that would
also  yield an  S-shaped  curve. The exact shape of the  curve depends  on f(V)
and, therefore,  on the potential and carrier concentration distributions within
the  barrier.  The  magnitude  of  Kx  determines  the  range  of  PD  in  which
saturation  is reached;  in Fig.  10 we assumed  that K  =  1.0  or that  PINs  =
P  ·. If only a constant fraction  of the applied  PD appears  across  the barrier
of interest the theoretical  curves would  have the same  shape as those  shown
in Fig.  10.  The second  term  in brackets  represents the saturation obtained  as
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the external Na concentration  is increased.  The half-saturation  concentration
is  potential  dependent,  increasing  with  increase  in  depolarizing  potential;
this factor  results  in  saturation  at lower  PD the  lower  the external  Na con-
centration which mimics the experimental data  (Fig. 4).  A dependence  of the
half-saturation  concentration  on  PD  is  shown in  Fig.  6 a  for the  range 0 to
-50 mV but not  in Fig.  6 b for the  50 mV to 0 range. The reason  for  this
discrepancy  is unknown,  but it might  point to  a  deficiency  in  the model  at
hyperpolarizing  potentials,  possibly  because  the  assumptions  are  less  valid
under those conditions. Also, the theoretical curves do not represent the experi-
mental  data  as  well  at  hyperpolarizing  potentials  as  at depolarizing  ones.
Nonetheless,  the predicted  effects of PD on maximal flux rate agree well with
those observed  (Fig.  6).  The predicted  ratio of maximal flux at 50 mV to that
at zero PD is  0.48 and the observed ratio is 0.41. At  -50 mV,  the predicted
and observed ratios are  1.4 and  1.5,  respectively.  Thus, the model, even in its
simple form, provides  a good qualitative fit to the experimental data both  as
a function of potential and external Na concentration.
These considerations  indicate  that the  present  results  could  be explained
qualitatively  by properties of a single barrier containing a mediated,  voltage-
sensitive transfer system for Na (that could be active or passive).  They do not,
however,  rule out more  complex systems  involving two  (or more)  barriers in
series.  For example,  one  can conceive  of a Na  entry step that  is passive but
mediated  by a  system such  as  that shown  in Fig. 9  coupled  with an  active,
electroneutral  extrusion  mechanism  at an inner barrier.  As indicated  by the
analysis  in Appendix  II,  and  as  shown  in  Fig.  11,  such  a  system  will  also
display saturation with PD. If the neutral step  is at least  as fast as the  entry
step, the calculated curves fit the observed data as well as those shown in Fig.
10 for the single-barrier model. The data could probably also be fit by a model
involving  a  mediated  but voltage-insensitive  entry  step  (such  as  Na-H  ex-
change  [24])  and  an  electrogenic  extrusion  mechanism.  However,  the  ob-
servations of Biber and Saunders (25) that the Na entry into the skin is voltage
sensitive would tend to rule out the simple form of such a model.
The bulk of the information  now available on Na transport across frog skin
appears to favor  a system involving  at least two barriers in  a series array  al-
though  the exact  nature of these  barriers  and  their anatomical  location  re-
mains  somewhat uncertain.  The data on these points  has been reviewed  and
discussed  by  several  authors  (see  for  example  Erlij  [26])  and  need  not  be
repeated.  On  the  other  hand,  Cereijido  and  his co-workers  (27)  have  sug-
gested that Na transport in frog skin may involve a process  that is equivalent
to  only a single  barrier  in that  transported  Na does  not actually  enter  the
cells of the epithelium.  In addition,  Biber  (28)  has reported that entry of Na
into the skin across the outer surface is sensitive to metabolic inhibition and to
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associated  with an active step.  Such a behavior might be viewed  as consistent
with  the hypothesis  advanced  by Cereijido.  The qualitative  conclusion  that
our results  could  be explained  by  properties  of a  single  barrier suggest that
they could  be consistent with Cereijido's hypothesis.  On the other hand,  the
results are equally consistent with at least some versions  of the more classical
E
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FIGURE  11.  Theoretical  curves  based on the two-barrier  model described  in Appendix
II. Calculated using J  =  20  and 2,  CTPx  =  2,  Kx  =  1, KT  =  K  =  5,  Ki  =  10.
(a) J.  vs.  PD,  (b)  [Na],  vs.  PD.  (Notice  the  different  scales  on  the  right-hand  side
for [Na]0.)
two-barrier  hypothesis  and they do not, at this stage,  permit distinction  be-
tween the mechanisms.  In this respect,  it is of interest  to note that under the
conditions  best  replicating  the  experimental  results,  the  two-barrier  system
involves a very small "transport pool" for Na. The top portion of Fig.  11  shows
that  the  calculated  Na  concentration  in  the  transport  pool  remains  under
1 mM at all PDs, a value that represents less than 5%  of the cellular Na con-
centration in the epithelium  (29).  A transport  pool of this size would  not be
easily  detected  and  the calculation  suggests that a  very small  transport  pool
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the single-barrier  and dual-barrier  models discussed  are  of qualitative value
only because the analyses are oversimplified.  For example,  we have implicitly
assumed  that all of the imposed  PD appears across  the barrier, and we have
ignored  such factors  as possible  changes  in  cell  volume  and  in  cellular  ion
concentrations  and  the  existence  of  nonsteady  states.  Thus  a  number  of
questions remain to be answered  before the effects of PD on  Na transport in
frog skin are fully understood  and can be correlated with the morphological
characteristics  of the epithelium.
APPENDIX  I
A Single-Barrier Model
Under steady-state  conditions,  the  system shown  in  Fig.  9 can  be  described  by the
following set of equations:
=  kl CXCNa  +  k  CxNa +  PxCl  - Pxcx =  (A  1 )
=  -k-1 cXN  +  k  x CNa  +  PI CNa  - P1 CXNa  =  0  (A  2) dt
dN  =  -k  2CxNa  +  k2 C Ca  +  PICXNa  P  CNa  =  (A  3) dt
d  = -ck2  cxCNa  +  k2  CNa  P.cx  - PXcx' = 0  (A 4 )
in which  k represents rate coefficient  and the c concentration.  If the flux  of XNa+ is
assumed to be described  by the  Goldman "constant  field"  equation,
PXNs ( -)  PXN  exp
P1  - RT  and  P1-  - ---  ,
exp  - I  exp  t)  - I
in which  V is  the  potential  across the barrier.  Conservation  of total carrier  requires
that
CT  =  Cx  +  CXNa  +  C  +  CXNa  (A  5)
From these  expressions,  we wish  to evaluate  the unidirectional  "influx"  Ji(a).
To calculate the influx in a general  way, we must determine  the rate of tracer ap-
pearance  at the inner side of the membrane assuming that negligible tracer is present
on that side.  This quantity, J*  is  given  by
Ji* =  k-2cxNa*  (A 6)
in which the asterisk denotes the tracer.  Equations analogous to Eq. A 2 and A 3 can
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be written for cxN  * and cxN  * keeping in mind that cNa  . =  O.  These expressions may
be solved  for CXNa * to yield
I,·Na'  P 1 kl Cx CNa.
CXNa*  =  k_  2 +  k  P-  +  LP  (A  7 )
By the usual assumption regarding tracer behavior, total influx,  Ji(a), is given by
Ji()  =  Ji*[CNa/CNa*.]  (A  8)
Introducing Eq.  A 7 into Eq. A 6, and the resulting expression into Eq. A 8, we obtain
j(a)  _  P1 k  k_ 2 cx cNa ji(a)  =  Plklk-2XCN  ( A 9) k_lk- 2 +  k-lP-_  +L  k_2 P
J  can now be evaluated  by solving Eq. A 1, A 2,  A 5, and A 7 simultaneously for cx
and introducing it into Eq. A 9.  We shall not present the general result which is un-
wieldy,  but shall  assume  that  k_L  and  k2 are  very much  smaller than  k  and  k- 2.
Under these conditions,  Eq. A 9 becomes simply
Ji(a)  =  kCxCNa  (A  10)
and
CT P 1 P  k- 2
kcN,[k_2(Pl  +  Px) + P(P +  P)]  +  2k_2PPx  ( A  11 )
If we assume for simplicity that k_2(Pl +  Px)  >> PX(P  +  P_1),  J' becomes
Ji(a)  P  cVf(v)  CNA
(Kx  + f(V))  c(Na  +  Kr  (A  12)
in which
f(V)  exp (FV/RT  K  = Px/PxNa;  KT  = 2PX/kl. exp (FVIRT)  - 1'
The behavior  of Eq. A 12  is discussed in the  text.
The assumptions  used  to obtain  Eq. A  12  are  not as restrictive  as may appear at
first sight. They provide  a particularly simple  expression  for Ji but the general  ex-
pression should behave in a qualitatively similar manner. Although the general equa-
tion  is  much  more  complex,  the  two  voltage-dependent  portions  have  the  form
[a  +  af(V)]/[b  +  bf(V)]  at high-depolarizing  potentials  and  hence  will  saturate
under these conditions  as do the simpler terms in Eq. A  12.
APPENDIX  II
A Two-Barrier Model
We  assume that the outer barrier contains a system of the type shown in Fig. 9 whose
properties are essentially  those discussed in Appendix  I. Net Na flux (JN)  across this
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barrier  will be given  by
Jo  [Na]o  J'  [Na].  (A  13)
Ko  +  [Na] 0 Ko  +  [Na]c(
in which
P=  CTP  Kz  + f(R))X  =  K,  (Kx  + f(V))
.x  + f(v)  Ko=  Kx  +  '(v)  '
where f(V)  is taken as given in Appendix I and f'(V)  = f(V)  exp [FV/R T]. The inner
barrier  is  assumed to contain  a neutral active  transport system that  is irreversible  so
that net Na flux  (JN)  is given simply by
Ja  =  K  m [Na]c  (A  14)
Ki +  [Na],'
If we assume  that there is no other mechanism for Na to cross the inner barrier,  uni-
directional Na flux from outside to inside will also be given  by Eq. A  14.  If the system
is in a steady state,
J° = Ja  (A  15)
Eq. A 13 and A 14 can be introduced into Eq. A 15 and the resulting expression solved
for [Na],  yielding
[Na]~cJ[Na]o  - (J,  +  J)(Ko +  [Na]o)}
+  [Na],{J[Na]o(K~  +  Ki) - (Ko +  [Na]o)(J'Ki +  JmKo)}  (A 16)
+  JKK[Na]o  =  0.
This  expression can  be used  to evaluate  [Na]c  at various values  of [Na]o,  PD,  and
J  ; Na flux can then be calculated  from Eq. A 14. Some results are shown in Fig.  1  1.
When J,, =  20, J  >  ,, at all PDs, and the J'Na vs. PD curves (Fig.  11 a) are almost
identical  to those in Fig.  10  because they reflect the properties  of the entry step. The
[Na],,  shown in Fig.  11  b, follows a similar pattern with PD as JNa,  always remaining
below  1 mM. At  Ji, =  2,  ,  J %, and the theoretical  curves  still qualitatively  fit
the data; however,  at high-depolarizing  PDs, [Na],  increases  rapidly at  112 mM.  If
J,  <  Jm at  high-depolarizing  potentials,  the steady-state  requirement  (Eq.  A  15)
cannot be met unless [Na] o  is quite small because  Jm  ->* 0 under these conditions  and
the above  analysis  is  no  longer  tenable.  Thus,  this  relatively  simplified  two-barrier
model  has a limited range of validity  at least for describing  effects of applied  PD.
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